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Background
The impedance threshold device (ITD) is designed to enhance venous return and cardiac output during cardiopulmonary resuscitation (CPR) by increasing the degree of negative intrathoracic pressure. Previous studies have suggested that the use of an ITD during CPR may improve survival rates after cardiac arrest.
Methods
We compared the use of an active ITD with that of a sham ITD in patients with out-ofhospital cardiac arrest who underwent standard CPR at 10 sites in the United States and Canada. Patients, investigators, study coordinators, and all care providers were unaware of the treatment assignments. The primary outcome was survival to hospital discharge with satisfactory function (i.e., a score of ≤3 on the modified Rankin scale, which ranges from 0 to 6, with higher scores indicating greater disability).
S tandard cardiopulmonary resuscitation (CPR), defined as manual chest compressions with rescue breathing, can be lifesaving but provides only a relatively small fraction of normal cardiac output, even when performed correctly. 1, 2 One proposed strategy to augment cardiac output during CPR is the use of an impedance threshold device (ITD). [3] [4] [5] The ITD is designed to enhance venous return and cardiac output during CPR by increasing the degree of negative intrathoracic pressure ( Fig. 1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). This effect is achieved by preventing the passive inflow of air into the chest during chest recoil between chest compressions without impeding active ventilation. The ITD has been found to improve hemodynamics, the perfusion of vital organs, and neurologically intact survival in studies in animals. [3] [4] [5] The results of small, short-term clinical trials have suggested that the ITD can increase systolic blood pressure during resuscitation and improve shortterm survival rates. [6] [7] [8] The 2005 American Heart Association guidelines gave a class IIa recommendation for use of the ITD to improve hemodynamic variables and the return of spontaneous circulation, although increased long-term survival rates had not been documented. 9 We therefore conducted a large, randomized trial to test whether standard CPR with the use of an active ITD, as compared with standard CPR with the use of a sham ITD, improves rates of hospital discharge with satisfactory function for adults with out-ofhospital cardiac arrest.
Me thods
Study Setting and Design
We carried out a randomized comparison of the use of an active ITD with that of a sham ITD during standard CPR. This investigation was designed, reviewed, and implemented by the Resuscitation Outcomes Consortium (ROC) and was conducted concurrently with a companion study of early rhythm analysis versus later rhythm analysis, reported by Stiell et al. elsewhere in this issue of the Journal. 10 Most patients were enrolled simultaneously in both components of the ROC Prehospital Resuscitation Impedance Valve and Early Versus Delayed Analysis (ROC PRIMED) trial: the active-ITD-versussham-ITD component and the early-analysis-versuslater-analysis component, although the eligibility criteria for the two components were slightly different. Details of the trial design and the relationship between the two studies can be found in the article by Stiell et al., 10 in a previously published description of the trial methods, 11 and in the Supplementary Appendix.
The trial was supported by the National Heart, Lung, and Blood Institute; the National Institute of Neurological Disorders and Stroke; the Canadian Institutes of Health Research; and the Heart and Stroke Foundation of Canada. The manufacturer of the ITD, Advanced Circulatory Systems, supplied devices to the study network at a reduced price for the trial and provided nonbinding advice to the investigators about the design of the study before it was implemented. The authors vouch for the completeness and accuracy of the data and of all analyses and for the fidelity of the study to the trial protocol (available at NEJM.org).
Patient Population
All adults with nontraumatic, out-of-hospital cardiac arrest were eligible for enrollment if they were being treated with resuscitative efforts by emergency medical services (EMS) personnel who were participating in the ROC. Patients were excluded if they were incarcerated, were known to be pregnant, had do-not-attempt-resuscitation orders, had arrest due to exsanguinations or severe burns, had an existing tracheostomy, or were undergoing attempted resuscitation with the use of other mechanical CPR devices. This study qualified for exception from informed consent required for emergency research according to the U.S. Food and Drug Administration and Canadian Tri-Council Agreement regulations. The protocol was approved by local institutional review and research ethics boards.
Treatment Assignments
Patients were randomly assigned to undergo CPR that included either an active ITD or an identicalappearing sham ITD. Each device was packaged in a sealed plastic bag and identified for analysis as sham or active by means of a numerical code known only to the data coordinating center. Study devices were assigned randomly in a 1:1 ratio on the basis of permuted blocks of concealed size within strata defined by the participating geographic site and further defined within the site by the participating EMS agency or subagency. EMS personnel were instructed to use the devices in the assigned, sequential order. Patients, investigators, study co-ordinators, and all persons caring for the patient were unaware of the treatment assignments. Patients were considered to be enrolled in the study once an ITD package was opened.
Intervention
The first EMS responders to arrive at the scene of the arrest who were equipped with a randomly assigned ITD (active or sham) attached the device between the ventilation bag and face mask or between the bag and an advanced airway (e.g., Combitube [Tyco Healthcare Group], laryngeal mask airway, or endotracheal tube) ( To avoid impeding inspiration in patients whose spontaneous breathing was unrecognized, EMS providers were instructed to remove the ITD immediately on the return of spontaneous circulation but to reapply it for recurrent cardiac arrest. If the device filled with fluid, it was removed and cleared, the patient's airway was suctioned, and the device was reapplied. If the device again filled with fluid, its use was permanently discontinued. Use of the ITD was terminated on arrival at the hospital.
Study Outcomes
The primary outcome was survival to hospital discharge with satisfactory functional status, defined as a score of 3 or less on the modified Rankin scale, a validated scale ranging from 0 to 6 that is commonly used for measuring the performance of daily activities by people who have had a stroke. Lower scores indicate better performance; scores of 4 or higher indicate severe disability or death. Data used to determine the score on the Rankin scale were abstracted from the clinical record. 12 Secondary outcomes included return of spontaneous circulation on arrival at the emergency department, survival to hospital admission, and survival to hospital discharge. Adverse events were recorded by the responders and other clinicians involved in the care of the patients on the basis of EMS records, hospital charts, and autopsy reports and were monitored by an independent data and safety monitoring board.
Training of EMS Personnel
EMS personnel were trained in ITD function, proper use of the ITD, and all aspects of protocol implementation, with an emphasis on the optimal performance of CPR according to local guidelines. 13 The trial included a run-in phase; EMS personnel were required to provide evidence of acceptable performance to an internal monitoring committee before they were permitted to participate in the main trial. Retraining occurred at periodic intervals throughout the trial, and the committee monitored CPR performance and compliance with the protocol.
Statistical Analysis
We estimated that a sample of 14,154 patients in the analysis population (7077 per study group) would be needed to achieve 90% power to detect a 25% relative improvement in the primary outcome with the use of the active ITD as compared with the sham ITD (6.7% vs. 5.3%). 11 The data and safety monitoring board monitored trial progress and safety and used formal stopping boundaries.
Adverse events classified as possibly related to ITD use (ITD not removed by rescuer after the return of spontaneous circulation, suspected device failure, pulmonary edema, and airway bleeding) were monitored in all patients who had an active or sham ITD applied either during the run-in phase or in the main trial (defined as the safety population). The intention-to-treat population included all patients for whom an ITD package was opened during the main trial. The primary effectiveness analysis was performed in a modified intention-totreat population, which included all patients who had an ITD (active or sham) applied during the main trial but excluded those who had cardiac arrest due to hanging, drowning, electrocution, or strangulation or for whom the response time exceeded 15 minutes. 11 For the primary analysis, we used a z statistic to compare the rates of survival to hospital discharge with satisfactory functional status in the two groups. To adjust for group sequential monitoring, the point estimate was bias-adjusted, 14 and confidence intervals and P values were calculated from the maximum likelihood-based ordering of the outcome. 15 Between-group differences in the rates of survival to discharge with satisfactory functional status, adjusted for baseline characteristics, were estimated with the use of a multiple linear regression model with bootstrap standard errors to allow for the binary nature of the outcome. Mean scores on the modified Rankin scale were compared between study groups with the use of a two-sample t-test with unequal variances. All reported P values are based on two-sided tests; a P value of less than 0.05 was considered to indicate statistical significance. Heterogeneity of the treatment effect across sites was assessed by means of the weighted least-squares chi-square statistic with 9 degrees of freedom. 16 
R e sult s
Study Participants
The first EMS system entered the run-in phase in June 2007. All 10 sites halted enrollment in November 2009, when the data and safety monitoring board recommended termination because interim analysis showed that the findings were not likely to change with continuation of the study. Of the 13,924 patients with cardiac arrest who were screened, 12,863 potentially eligible (Fig. 2 in the Supplementary Appendix). Differences in prerandomization and postrandomization characteristics of the patients, as well as characteristics of EMS and hospital treatments, were not considered to be clinically significant. Prerandomization and postrandomization characteristics of the 3613 patients who were eligible but not enrolled in the trial are also reported and differed with respect to several of the characteristics (Tables 1 and 2 ).
Outcomes
A total of 260 of the 4345 patients (6.0%) in the sham-ITD group and 254 of the 4373 patients (5.8%) in the active-ITD group survived to hospital discharge with a modified Rankin scale score of 3 or less (risk difference adjusted for sequential monitoring, −0.1 percentage points; 95% confi- dence interval, −1.1 to 0.8; P = 0.71) ( Table 3 ). There were also no significant between-group differences in the primary outcome with the analysis adjusted for baseline characteristics, in any of the secondary outcomes, or in adverse events as assessed in the safety population.
Subgroup Analyses
There were no significant differences in a priori subgroup analyses between the sham-ITD and active-ITD groups (Fig. 3 in the Supplementary Appendix). Post hoc, exploratory subgroup analyses showed that for subgroups defined by the CPR fraction (the percentage of time that compressions were delivered during resuscitation), patients in the second-lowest quartile (59.9 to 71.0%) who were treated with an active ITD had significant improvement in survival to hospital discharge with satisfactory functional status (P<0.01; P = 0.006 for interaction). There were no significant differences between use of the sham ITD and use of the active ITD in any other exploratory subgroup analysis (Fig. 3 in the Supplementary Appendix).
Variation in treatment effect from site to site was consistent with random variation. The chisquare test for heterogeneity was not significant (P = 0.4).
Discussion
Physiological studies in animals and humans have suggested that interventions capable of decreasing mean intrathoracic pressure can augment the return of venous blood to the heart and improve hemodynamics during CPR. [3] [4] [5] 7 Despite such findings, this large effectiveness trial did not confirm a survival advantage with the use of an active ITD during standard CPR in patients with nontraumatic, out-of-hospital cardiac arrest.
One possible explanation for the neutral results is that, despite the evidence cited, the ITD may not generate the physiological effects that have been proposed. Two studies in animals that were published after the present trial began enrollment showed no improvement in hemodynamics or survival with application of the ITD during standard CPR. 17, 18 A second possible explanation is that use of the active ITD by the participating EMS systems did not recreate the physiological effects seen in some of the experimental studies. [3] [4] [5] 7 Delayed application of the ITD, failure to prevent airway leaks, and suboptimal performance of CPR can interfere with the hemodynamic improvements that are associated with ITD use. [19] [20] [21] [22] For these reasons, the ROC investigators implemented comprehensive training, retraining, electronic monitoring of the CPR process, and follow-up quality-assurance monitoring. The quality of the CPR provided was associated with outcomes in the sham-ITD group that were better than expected. Therefore, it is not likely that EMS systems would apply the ITD in a more operationally efficacious way than they were applied in this study. Another possible explanation is that application of the active ITD produced the physiological effects seen in experimental studies but did not improve clinical outcomes. It is possible that failure to remove the ITD immediately after successful resuscitation, with the resulting increased work of breathing, increases interstitial lung fluid and left-sided pressures and worsens heart failure, or that such failure increases venous pressure, decreasing cerebral perfusion pressure in the resuscitated state. Other interventions (e.g., the administration of epinephrine) might exacerbate these potential complications.
Several limitations of the trial should be noted. The investigators did not directly measure hemodynamics, intrathoracic pressure, ventilation rate and duration, or the effects of ITD use during gasping and spontaneous ventilation. CPR process measures were not recorded in all cases. Although use of the modified Rankin scale has been validated for assessing the effects of stroke, it lacks validation for cardiac arrest. In only 61.5% of patients who received the active ITD was it placed 
